Abstract. We present a single-molecule imaging platform that quantitatively explores the spatiotemporal dynamics of individual insulin receptors in living cells. Modified DNA aptamers that specifically recognize insulin receptors (IRs) with a high affinity were selected through the SELEX process. Using quantum dot-labeled aptamers, we successfully imaged and analyzed the diffusive motions of individual IRs in the plasma membranes of a variety of cell lines (HIR, HEK293, HepG2). We further explored the cholesterol-dependent movement of IRs to address whether cholesterol depletion interferes with IRs and found that cholesterol depletion of the plasma membrane by methyl-β-cyclodextrin reduces the mobility of IRs. The aptamer-based single-molecule imaging of IRs will provide better understanding of insulin signal transduction through the dynamics study of IRs in the plasma membrane. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
A variety of molecular dynamics and interactions that are inherently heterogeneous is involved in cellular processes. Most cellular events are initiated by ligand-receptor interactions at the plasma membrane. The interactions and dynamics of these complexes may require only small populations of molecules and transient interactions that cannot be detected by conventional ensemble average measurements. To overcome such limitations, single-molecule fluorescence microscopy has been widely employed to quantitatively detect the spatiotemporal dynamics of individual proteins and their interactions in live cells with high sensitivity. 1, 2 To visualize individual membrane proteins, the proteins are coupled to antibodies conjugated to fluorescent probes, such as organic fluorophores or semiconductor nanocrystals, known as quantum dots (QDs). 3, 4 Another widely used approach is genetic fusion of a fluorescent protein and the protein of interest. 5 However, fluorescent proteins show poor photostability, which limits the time trajectory length in single-particle tracking experiments. Aptamers are small oligonucleotides obtained through an in vitro selection process, which is optimized to bind a target protein with a high affinity, similar to that of antibodies. 6, 7 Aptamers can be substituted for antibodies due to their remarkable advantages including easy modification for labeling fluorophores and smaller size. 8 We used modified DNA aptamers to monitor the dynamics of insulin receptors (IRs) in living cells. IRs have been extensively studied for decades due to their important role in the regulation of glucose homeostasis. 9 In particular, the cholesterol-dependent signaling of IRs has been suggested for a model of glucose uptake in metabolic cells. 10 Despite the biological importance of IRs and numerous related studies including single-molecule imaging by electron microscopy 11 and atomic force microscopy, 12 the real-time dynamics of individual IR in living cells has not yet been reported. We monitored the diffusive motions of human IRs in living cells by imaging individual human IRs coupled to fluorescently labeled aptamers or insulin ligands using total internal reflection fluorescence (TIRF) microscopy. This single-molecule study allowed us to explore the mechanistic properties of IRs at the plasma membrane, including the cholesterol-dependent mobility of IRs.
Materials and Methods

Cell Preparation
HEK293T, HepG2, and human IR-overexpressing Rat-1 (HIR) cells were selected as appropriate cell lines for this study because their adhesive growth on surfaces is suitable for TIRF microscopy. HEK293 cell line, which is derived from human embryonic kidney cells, has been extensively used in cell biology research. HepG2 cell line was derived from human liver tissue and is involved in signal transduction including glucose homeostasis. HIR cells can adequately increase the specificity of our observations by providing enough receptors for the probes to bind. The selected cell lines were cultured for 24 to 48 h on a circular cover glass (Corning No. 1.5, Fisher Scientific; r ¼ 25 mm) in 1× Dulbecco's modified eagle medium (DMEM), high glucose (Invitrogen, Carlsbad, California) containing 10% fetal bovine serum (FBS), at 37°C and 5% CO 2 ; the cells were then observed for the experiments. Before the cells were seeded, the cover glass was stringently cleaned twice by sonication with ethanol and KOH for 30 min, respectively, to reduce autofluorescence from the cover glass and nonspecific binding of the aptamers and insulin ligands to the cover glass. The cell-cultured cover glass was placed in a Chamlide magnetic chamber (Live Cell Instruments, Korea) to image IRs at the membrane.
Measurement of Dissociation Constants
Binding studies were performed as previously described. 13 To determine the dissociation constants (K d ), the amount of aptamer bound to the IR recombinant proteins (R&D Systems, Minneapolis, Minnesota) was measured using [α-
32 P]-ATP-labeled aptamer (3000 Ci∕mmol, 10 mCi∕ml; Perkin Elmer, Waltham, Massachusetts) in a selection buffer (40 mM HEPES, pH 7.2, 102 mM NaCl, 5 mM MgCl 2 , 5 mM KCl) at 37°C. The K d values of the aptamers were determined by measuring the fraction of aptamers bound to the proteins under various recombinant protein concentrations (10 pM to 100 nM).
Western Blot Analysis
HIR cells were serum starved in DMEM for 4 h at 37°C. After the cells were stimulated with insulin or aptamers for 15 min, the medium was immediately removed and the cells were washed out with ice-cold phosphate buffered saline (PBS) buffer. The cells were lysed in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mM β-glycerophosphate, 50 mM NaF, 1.5 mM sodium orthovanadate, and 1% Triton-X. Cell debris was removed by centrifugation for 15 min at 16;000 × g at 4°C, and the protein concentration of the supernatants was measured using a BCA protein assay kit (Pierce, Rockford, Illinois). The cell lysates were boiled for 10 min at 95°C in the sample buffer and were then resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gels were transferred to a nitrocellulose membrane, and the membrane was blocked in TTBS buffer containing 10 mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.05% Tween 20, and 5% nonfat dry milk. After an overnight incubation with specific primary antibodies at 4°C and incubation with IRDye800-conjugated anti-rabbit or anti-mouse IgG secondary antibodies for 1 h at room temperature, the blots were visualized by an Odessay infrared imaging system (LI-COR Bioscience, Lincoln, Nebraska). Anti-IR antibody, anti-phospho IR (pY1150/pY1151) antibody, and anti-phospho IRS1 (pY632) antibody were purchased from Santa Cruz Biotechnology (Dallas, Texas). Anti-phospho AKT (pS473) was purchased from Cell Signaling Technology (Danvers, Massachusetts).
Flow Cytometry
HIR cells were cultured in DMEM with 10% FBS and were suspended in 5 mM EDTA-PBS solution. The suspended cells were collected by centrifugation for 2 min at 320 × g and were then resuspended using Hanks balanced salt solution (HBSS). A total of 2 × 10 4 cells∕ml was stained using 200 nM Cy3-conjugated aptamer with or without 1 μM insulin for 1 h at 4°C. After three washing steps, the cells were fixed in HBSS containing 1% paraformaldehyde. The cells were run on a FACSCalibur (BD Biosciences, San Jose, California).
Sample Preparation for Single-Molecule Imaging
Before the conjugated aptamers were injected into the sample chamber, the aptamers were heated at 85°C for 5 min and then slowly cooled to room temperature to activate their structure. The active aptamers formed by heating were diluted to 28 nM with 98 μM Dextran (Sigma-Aldrich, St. Louis, Missouri) in 1× DMEM and were incubated with the cells for 15 min at 37°C in the presence of 5% CO 2 . Dextran, which is generally used to increase the specificity of aptamers in the SELEX process, 6, 7 was added to reduce the nonspecific binding of aptamers to the cover glass in this step. For the experiment using QD-labeled aptamers, 0.5 nM streptavidin-coated QDs (QD605, Invitrogen) in 1× DMEM with 0.3 mg∕ml bovine serum albumin (BSA, Sigma-Aldrich) was added to the sample chamber, which had been incubated with DMEM-BSA solution for 10 to 30 min after aptamer binding. The free aptamers and QDs in solution were removed by pipetting three times before imaging to observe specific aptamers binding to IRs only and to reduce background noise. For control experiments, Cy3-conjugated human insulin (Phoenix Pharmaceuticals, Inc., Burlingame, California) diluted to 2.5 nM in 1× DMEM was incubated for 5 min at 37°C in the presence of 5% CO 2 .
Single-Molecule Imaging
A 532-nm DPSS laser (100 mW, Cobolt Samba, Solna, Sweden) and a 488-nm argon-ion laser (Melles Grioet, Albuquerque, New Mexico) were used to excite the Cy3 and QD605, respectively. The emission signals from the fluorophores were imaged in an objective-type total internal reflection fluorescence microscope (homebuilt with an Olympus IX-71, oil-type 60× objective, NA ¼ 1.45) using an electron-multiplying charge-coupled device (ImageEM C9100-13, Hamamatsu) [ Fig. 2(a) ]. The fluorescent signals were collected with a time resolution of 50 ms for 100 s by an imaging program (HCimage, Hamamatsu). The acquired images were analyzed by MATLAB ® (MathWorks, Natick, Massachusetts) scripts to determine the positions of the emitters. Figure 1(a) shows that the insulin-induced phosphorylation of IR (pY1150pY1151), IRS-1 (Y632), and AKT (S473) is neither activated nor interrupted by the two aptamers. The IR-A07 and IR-A29 aptamers do not promote insulin signaling upon binding to the receptors, which indicates that these aptamers are appropriate as neutral probes without stimulating the downstream signaling. As shown in Fig. 1(b) , the flow cytometry displays that IR-A07 aptamers bound to IRs are slightly disrupted by insulin ligand binding (left), but IRbound IR-A29 aptamers do not display any interruption due to insulin binding (right). Taken together, we found that two aptamers can be used as probes for visualizing IRs with a high affinity, but IR-A29 is more suitable to study the insulindependent dynamics of IR.
Diffusive Motion of Individual IRs in Living Cells
To visualize IRs in the plasma membranes of living cells, a QD was conjugated to the selected aptamer, IR-A29 [ Fig. 2(a) ]. Aptamer-bound IRs in HIR cells imaged using an objectivetype TIRF microscope were tracked to obtain individual trajectories. Figure 2 (b) shows a representative image obtained from a HIR cell in the presence of QD-labeled aptamer (28 nM) while free aptamers in solution were stringently washed out by pipetting. The QDs allowed us to monitor individual IRs for a long time (more than several minutes) and to accurately determine the position of IRs owing to the bright emission signals. The time trajectories of the QD aptamers bound to IRs, which were determined by the two-dimensional Gaussian-fitted center of the intensity profiles, 15 indicate the diffusive motion of the IRs [ Fig. 2(b), rectangular region] . The mean-square displacement (MSD) of the IR trajectories was computed [ Fig. 2(c) ], and the resulting MSD is linearly dependent on the time interval. Thus, the diffusion coefficient (D) was determined from the slope of the MSD versus time interval (t) for IRs that moved in the plasma membrane, using the relation of MSD ¼ 4Dt [ Fig. 2(c), red line] .
The resulting diffusion coefficient (D w∕o INS ) of IR in HIR cell membrane was measured as 0.039 AE 0.034 μm 2 ∕s (n ¼ 212; mean AE s:d:). To investigate whether insulin ligands bound to IRs influence the diffusive motion of the receptor, we examined the diffusion mechanics of IRs in the absence and presence of 1 μM insulin ligand. The diffusion coefficient of IR in the presence of 1 μM insulin (D 1 μM insulin ¼ 0.043 AE 0.036 μm 2 ∕s; n ¼ 155) was nearly identical to that in the absence of insulin [ Fig. 3(a) ]. This insulin concentration was intended to be much higher than the physiological concentration of human insulin (0.057 ∼0.079 nM between meals and up to 0.43 nM after meals 16 ) to ensure ligand binding to the IRs. To confirm insulin binding to the receptors, the diffusion coefficients were investigated for various insulin incubation times (0, 5, 10, and 30 min after the injection of 1 μM insulin). There was no significant change in the diffusion coefficients of IR with respect to incubation times [ Fig. 3(b) ], which indicates that the diffusive motion of IRs may not be sensitive to insulin binding.
It has been previously reported that insulin signaling to IRs results in phosphorylation and sequential binding of various cofactors, such as SHC, Grb2, SOS, and Ras proteins. 17 The Stokes-Einstein relation (D ¼ k B T∕6πηr, r: radius of the spherical object, η: viscosity of the medium, k B T: thermal energy) predicts that an increased complex size in the cytoplasmic region should correspond to a decreased diffusion coefficient of the IR. However, our result does not agree with this prediction. We interpret it as a much higher viscosity of the cell membrane in comparison to the intracellular viscosity may explain the invariant motion. For instance, the viscosity of the plasma membrane of living cells ranges from 30 to 200 cp 18, 19 (1 cp for water) and the intracellular viscosity is 1 to 2 cp. 20 
Diffusive Dynamics of IRs on a CholesterolDepleted Membrane
We also measured the diffusion coefficients of IRs in the various cell plasma membranes ( Table 2 ). The IRs that were probed with QD-A29 aptamers were imaged at three cell lines (HIR, HEK293T, HepG2) in the absence and presence of 1 μM insulin ligand. The presence of insulin ligands results in about 15% decrease of diffusion coefficients of IRs at HEK293T and HepG2 cell lines (normal cell lines) while insulin increases 10% of IR diffusion coefficient at HIR cell (an IR-overexpressing cell line) ( Table 2 ). However, the difference of the diffusion coefficients is trivial, considering the heterogeneous distribution of IRs [ Fig. 3(a) ]. The diffusion coefficients also do not vary significantly with cell types. These results suggest that the IR diffusion in dominant structures may result in the independency of insulin ligand and cells.
To further explore the structured-membrane-dependent diffusion of IRs, we examined the movements of QD aptamer-bound IRs in HIR cells using methyl-β-cyclodextrin (MβCD) treatment, which results in the depletion of cholesterol molecules from the plasma membrane. 10, 21 For this observation, 5 and 10 mM MβCD (Sigma-Aldrich) in 1× DMEM were incubated in the sample chamber for 50 min at 37°C in the presence of 5% CO 2 before the aptamer binding step. Cholesterol molecules are abundant in cell membranes and modulate the fluidity of the membranes, which play a critical role in cell signaling and intracellular transport. Figure 4 shows that the cholesterol depletion of the plasma membrane resulted in a decrease in the diffusion coefficients of the IRs with increasing MβCD levels; D ¼ 0.039 AE 0.034 μm 2 ∕s in the absence of MβCD, D ¼ 0.022 AE 0.021 μm 2 ∕s at 5 mM MβCD, and D ¼ 0.013 AE 0.011 μm 2 ∕s at 10 mM MβCD. This observation indicates that the elimination of cholesterol from the plasma membrane decelerates the diffusive motion of IRs, which is similar to Ras protein diffusion in cholesterol depletion with MβCD. 22 Cholesterol depletion study in dioleoylphosphatidylcholine and sphingomyelin indicates that cholesterol depletion in saturated sphingolipids decreases the fluidity of the membrane while it increases the membrane fluidity in unsaturated phospholipids. 23 Therefore, our results suggest that IRs are located at the region enriched in spingolipids and cholesterol molecules, which supports the mechanism of insulin signaling via spingolipids-cholesterol microdomains. 24 , 25 
Conclusion
We successfully selected nonfunctional ssDNA aptamers with nanomolar binding affinity to IRs through the SELEX process. The QD-labeled DNA aptamers were used to visualize individual IRs in the plasma membranes of various kinds of biologically functional cells (HEK293T, HepG2) as well as IR overexpressed cells (HIR), which allowed us to study the real-time dynamics of individual IRs in the plasma membranes of living cells. This developed single-molecule imaging method can be used for various approaches to investigate the heterogeneous nature of living cells through simple modifications of the aptamer. Fig. 4 Cholesterol depletion of the plasma membrane of HIR cells was induced by MβCD. The distribution of diffusion coefficients for various concentrations of MβCD (n ¼ 208 for no MβCD, n ¼ 153 for 5 mM MβCD, and n ¼ 235 for 10 mM MβCD). To facilitate the comparison, the distributions were normalized by setting the first column to unity.
